A 2 BLnX 6 elpasolites (A, B: alkali; Ln: lanthanide; X: halogen), LaBr 3 lanthanum bromide, and AX alkali halides are three classes of the ionic compound crystals being explored for γ-ray detection applications. Elpasolites are attractive because they can be optimized from combinations of four different elements. One design goal is to create cubic crystals that have isotropic optical properties and can be grown into large crystals at lower costs. Unfortunately, many elpasolites do not have cubic crystals and the experimental trial-and-error approach to find the cubic elpasolites has been prolonged and inefficient. LaBr 3 is attractive due to its established good scintillation properties. The problem is that this brittle material is not only prone to fracture during services, but also difficult to grow into large crystals resulting in high production cost. Unfortunately, it is not always clear how to strengthen LaBr 3 due to the lack of understanding of its fracture mechanisms. The problem with alkali halides is that their properties decay rapidly over time especially under harsh environment. Here we describe our recent progress on the development of atomistic models that may begin to enable the prediction of crystal structures and the study of fracture mechanisms of multi-element compounds.
INTRODUCTION
Ionically-bonded compounds are often the key materials in critical applications. A 2 BLnX 6 elpasolites, LaBr 3 lanthanum bromide, and AX alkali halides are three of the ionic compounds currently being explored for γ-ray detection applications. Elpasolites are promising due to their high light output, proportionality, and toughness 1 that can be optimized in a large compound space involving the combinations of four different elements: alkali A and B, lanthanide Ln, and halogen X. One design goal of elpasolites is to create cubic crystals. This offers numerous advantages. First, cubic crystals have the desired isotropic optical properties. Cubic crystals also have isotropic mechanical properties. This helps minimize the anisotropic stresses during crystal growth. As a result, larger crystals can be readily grown at lower costs. Unfortunately, many elpasolites do not have cubic crystals. To optimize elpasolite scintillators, previous work has mainly used a Goldschmidt crystal structure criterion 2, 3 to select materials for stable cubic crystals. The concept of this criterion is schematically shown in Fig. 1 . Here Fig. 1(a) indicates that for a given compound crystal structure, the ionic radii (R) of different constituent species must satisfy certain geometric relations that can be characterized by a parameter t'. When t' falls within a certain range, that crystal structure is favorable with respect to other crystals. Unfortunately, previous work 4 indicated that such a simple crystal stability criterion often fails to correctly predict the elpasolite crystals especially for chloro-elpasolites as indicated in Fig. 1(b) . Not surprisingly, the experimental trial-and-error approach to select materials in a large compound space has been prolonged and inefficient.
LaBr 3 lanthanum bromide is a viable scintillator for γ-ray spectroscopy 5, 6 . The problem is that lanthanum halides typically have a hexagonal crystal structure. These materials have highly anisotropic thermal and mechanical properties, and therefore they are very brittle and are likely to fracture under cyclic thermal and mechanical loading conditions. For example, fracture of LaBr 3 is often encountered during field-services. This is obviously a major concern for applications. Fracture during synthesis also complicates the growth of large LaBr 3 single crystals needed for sensitive radiation detection, and accounts for the high production cost of this material. In particular, the yield of large volume LaBr 3 crystals that can be grown today is critically limited by the } 00 1 1 { cleavage when the crystal volume is grown above a threshold 7 . An improved design and synthesis of LaBr 3 requires a better understanding of the mechanical properties of this complicated hexagonal crystal.
Alkali halides (e.g., CsI, NaI) have cubic crystal structures. Consequently, large CsI and NaI crystals have been grown and used in devices. However, these materials suffer from an aging problem, i.e., their properties decay rapidly over time especially under harsh environment. Unfortunately, the fundamental mechanisms of this aging have not been understood and the path to improve the alkali halide-based scintillators is not developed. Clearly, better scintillator materials can be obtained if cubic elpasolites are optimized, lanthanum halides are strengthened/toughened, or new alkali halide-based crystals that are more resistant to aging are developed. Here we report our recent progress on the development of atomistic models that can be used to accelerate the discovery of new scintillator materials with improved properties. First, we have developed a novel embedded-ion method (EIM) interatomic potential approach that analytically addresses the variable charge interactions between atoms in ionic compound systems. Based on an EIM database, molecular dynamics (MD) simulations have been used to predict crystal structures and to derive crystal stability rules for alkali halides. They have also been used to study the mechanical properties of LaBr 3 including fracture and slip systems. Our models are under further development for prediction of crystal structures of elpasolites. These efforts will eventually enable virtual design of scintillator materials through simulations.
EMBEDDED ION METHOD INTERATOMIC POTENTIAL MODEL
There are two problems with the Goldschmidt criterion discussed above. First, it assumes a hard sphere model and uses ionic radii R i and R j to prescribe the bond length r ij such that r ii = 2 R i , r jj = 2 R j , and r ij = R i + R j , see Fig. 1(a) . However, this is overly constraint. In an AB binary compound, for instance, there are only two ionic radii R A and R B , but three independent bond lengths r AA , r BB , r AB . In addition, Goldschmidt criterion assumes that the ionic radius is environment independent. In reality, however, the atomic sizes is strongly dependent upon environment. This can be demonstrated using the Cs 2 LiLaBr 6 double perovskite cubic crystal shown in Fig.  2 . In this crystal, the bond length between La and La atoms has been determined to be 7.983 Å 8 . However, the La-La bond length in an fcc La crystal is only 3.753 Å 9 . One fundamental cause for this difference in the bond length is the charge transfer. In the elpasolite, each La atom interacts with six Br atoms. Because Br atoms have a Fig. 2 . A double perovskite crystal of Cs 2 LiLaBr 6 . much higher electronegativity than La atoms, Br atoms become negatively ionized and La atoms are positively ionized. This creates an additional Coulomb repulsion between La atoms resulting in an increase in the La-La bond length. In the fcc La, the La atoms are charge neutral. Consequently, the La-La bond length is much shorter. Clearly, treating bond length as independent parameters and incorporating the charge transfer effect in the atomistic model promise an improvement over the Goldschmidt criterion.
Various charge transfer models have been developed in the past [10] [11] [12] . These models use an energy minimization simulation to dynamically solve for the time-dependent charges at each time step of an MD simulation. The approach is therefore computationally expensive. Furthermore, it is difficult to ensure energy conservation due to the use of energy minimization simulations unless the energy reduction during the energy minimization is controlled to a negligible value. This is possible, but requires the charge equilibrium condition to be accurately satisfied at each time step, again increasing the computational cost. Recent efforts have thus made to incorporate the variable charge effects analytically in the potential formulism 13, 14 . Our embedded ion method (EIM) is one of such analytical variable charge potentials. In the EIM model, the total energy of the system is expressed as where φ, ϕ, and η are pairwise functions, N is total number of atoms, i 1 , i 2 , …, i N represents a list of i's neighbors. Eq. (1) not only incorporates a many-body effect, but also assumes that the many-body effect is environment dependent.
The prediction of crystal structures using classical MD simulations has not been reported in the past. This is not surprising because crystal structures are usually used as input to parameterize the interatomic potentials required by MD simulations. Here we construct the EIM so that it uses atomic properties (such as bond length, electronegativity, and bond energy) directly as model parameters so that crystals can be calculated as a function of these properties. We have applied Eq. (1) to develop an EIM database suitable for crystal prediction that have included all the nine alkali halide elements Li, Na, K, Rb, Cs, F, Cl, Br, and I
13 . Separately, we also developed a specific La-Br EIM suitable for mechanical property studies 13 . Fig. 3 . Equilibrium structure predicted by the "simulated annealing".
CRYSTAL STABILITY CRITERION FOR AB COMPOUNDS
We first address the crystal stability problem of the alkali halide type of binary crystals. Equilibrium crystals are determined using simulated annealing MD simulations where the system temperature is slowly cooled down from 1400 K to 300 K over a 10 ns period. To demonstrate the validity of our method, Figs. 3(a) and 3(b) show respectively a NaCl compound initially constructed in a wrong "CsCl" type of crystal structure and the resulting configuration on the same projected plane after the simulated annealing. It can be seen that the simulation correctly predicted the "NaCl" type of crystal even the initial crystal is incorrect.
By performing extensive simulations using different combinations of bond lengths, we found a striking crystal stability criterion for the AB compounds unknown in the past as shown in Fig. 4(a) . Here we can see that different crystal structures of the AB compounds can be well distinguished on a r e,AB vs. (r e,AA + r e,BB )/2 map. In particular, the materials exhibit a CsCl type of crystals when r e,AB is above a threshold value at a given (r e,AA + r e,BB )/2, and they become NaCl type of crystals when r e,AB is below that threshold. Similarly, the materials exhibit the CsCl type of crystals when (r e,AA + r e,BB )/2 is below a threshold at a given r e,AB , and they become NaCl type of crystals when (r e,AA + r e,BB )/2 is above that threshold. Note that when the hard sphere is used, r e,AB is always equal to (r e,AA + r e,BB )/2. The r e,AB vs. (r e,AA + r e,BB )/2 map then reduces to a single line as indicated in Fig. 4(b) . Furthermore, any structure can be anywhere along this line. The hard sphere model, therefore, cannot capture the crystal stability criterion observed using the atomistic simulations. 
MECHANICAL PROPERTIES OF LABR 3
Atomistic simulations were also used to explore the mechanical properties of LaBr 3 . Fig. 5 shows an example of the fracture of LaBr 3 crystal during the tensile loading along the ] 0 2 11 [ direction. We found that the material always cleave along the } 00 1 1 { cleavage planes regardless of the loading direction as long as the loading direction is not parallel to the cleavage plane. The critical stress for the cleavage is also relatively low. We further explored the slip systems by simulating the motion of various dislocations under the shear stress. The only mobile dislocations we found is the edge dislocations with a <0001> Burgers vector on the } 00 1 1 { slip planes. Fig. 6 shows the evolution of such an edge dislocation at a temperature of 0 K and a shear stress of 2.0 GPa. It can be seen from Fig. 6 that the edge dislocation (contrasted with different colors in the red circles according to atomic slip distances) remains to be a perfect dislocation and moves rapidly under the stress. This dislocation creates a significant strain/stress field in its surroundings as manifested by the wavy planes. Due to the lack of slip systems and due to the tendency of the material to cleave, we conclude that the material can hardly be strengthened by the plastic deformation induced strengthening mechanisms. We suggest that one possible means to strengthen the material is to completely inhibit the motion of dislocations through solid-substitution strengthening mechanism. This can minimize the stress concentration due to the dislocation pileups. 
CONCLUSIONS
Atomistic models are being developed to address some important problems in scintillator materials science, including the prediction of crystal structures of elpasolites, and the strengthening of lanthanum halides. Preliminary models have enabled the crystal stability rule to be explored in the atomic size-electronegativity-bond energy space for alkali halide types of AB compounds, and the mechanical properties to be explored for LaBr 3 lanthanum bromide. We discovered a new crystal rule beyond hard sphere model for alkali halides, namely the crystal structure can be well distinguished on a r e,AB vs. (r e,AA + r e,BB )/2 map. We also found that the critical stress for the } 00 1 1 { cleavage in LaBr 3 is relatively low whereas the only mobile dislocations are the edge dislocations with a <0001> Burgers vector on the } 00 1 1 { slip planes. These edge dislocations do not dissociate into partials and they create a large stress field. Hence, LaBr 3 cannot be strainhardened and methods that block dislocations (e.g., solid-solution strengthening) need to be used to prevent stress concentrations due to dislocation pileups.
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